The MYC oncogene is frequently mutated and overexpressed in human renal cell carcinoma (RCC). However, there have been no studies on the causative role of MYC or any other oncogene in the initiation or maintenance of kidney tumorigenesis. Here, we show through a conditional transgenic mouse model that the MYC oncogene, but not the RAS oncogene, initiates and maintains RCC. Desorption electrospray ionization-mass-spectrometric imaging was used to obtain chemical maps of metabolites and lipids in the mouse RCC samples. Gene expression analysis revealed that the mouse tumors mimicked human RCC. The data suggested that MYC-induced RCC up-regulated the glutaminolytic pathway instead of the glycolytic pathway. The pharmacologic inhibition of glutamine metabolism with bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide impeded MYC-mediated RCC tumor progression. Our studies demonstrate that MYC overexpression causes RCC and points to the inhibition of glutamine metabolism as a potential therapeutic approach for the treatment of this disease.
MYC oncogene overexpression drives renal cell carcinoma in a mouse model through glutamine metabolism The MYC oncogene is frequently mutated and overexpressed in human renal cell carcinoma (RCC). However, there have been no studies on the causative role of MYC or any other oncogene in the initiation or maintenance of kidney tumorigenesis. Here, we show through a conditional transgenic mouse model that the MYC oncogene, but not the RAS oncogene, initiates and maintains RCC. Desorption electrospray ionization-mass-spectrometric imaging was used to obtain chemical maps of metabolites and lipids in the mouse RCC samples. Gene expression analysis revealed that the mouse tumors mimicked human RCC. The data suggested that MYC-induced RCC up-regulated the glutaminolytic pathway instead of the glycolytic pathway. The pharmacologic inhibition of glutamine metabolism with bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide impeded MYC-mediated RCC tumor progression. Our studies demonstrate that MYC overexpression causes RCC and points to the inhibition of glutamine metabolism as a potential therapeutic approach for the treatment of this disease.
MYC oncogene | renal cell carcinoma | desorption electrospray ionization mass spectrometry imaging | glutamine metabolism R enal cell adenocarcinoma (RCC) is a kidney cancer that originates in the lining of the proximal convoluted tubule, a part of the very small tubes in the kidney that transport waste molecules from the blood to the urine. Most patients who present with advanced RCC have a dismal prognosis because RCC easily metastasizes and advances in therapy have been limited (1) (2) (3) . A lack of transgenic models of RCC has made it difficult to identify and test new therapeutic modalities.
The MYC pathway is activated in most cases of human RCC (4), genomically amplified in 5-10% of patients, overexpressed in 20% (5) , and associated with a hereditary RCC syndrome (6) suggesting a causal role in the pathogenesis, but this has never been examined. Here, we report the development of a conditional transgenic mouse model for MYC-deregulated human RCC. The MYC oncogene contributes to tumorigenesis of many types of cancer through various mechanisms (7) (8) (9) (10) , including the regulation of proliferation and growth, protein and ribosomal biogenesis, changes in metabolism, lipid synthesis, and induction of angiogenesis (11) (12) (13) (14) . MYC reprogramming can result in tumors that are addicted to glucose and/or glutamine for their energy metabolism (15) (16) (17) (18) (19) . MYC directly regulates specific genes of the glycolytic and glutaminolytic pathways (15, 17, 20, 21) , including lactate dehydrogenase A (LDHA), glucose transporter 1 (Glut1), hexokinase 2 (HK2), phosphofructokinase-M 1 (PFKM1), and enolase 1 (Eno1) (21) (22) (23) . Also, MYC coordinates genes involved in glutamine catabolism (SI MYC and Glutamine Catabolism). However, there has been no evidence to show that MYC overexpression directly drives and maintains RCC or how this occurs.
Through our new transgenic mouse model, we showed that transgenic MYC, but not mutant RAS, overexpression in vivo rapidly initiates a highly aggressive RCC that histologically resembles collecting-duct carcinoma, a highly aggressive subtype of RCC. MYC-induced RCC was completely reversible upon MYC suppression in our mouse model. We used high-mass resolution and high-mass accuracy desorption electrospray ionization-massspectrometric imaging (DESI-MSI) and molecular biology methods to investigate the changes in metabolites, lipids, proteins, and genes in our RCC model. We used this approach because we previously described the successful use of DESI-MSI and transgenic mouse models to examine the lipid profiles of MYC-induced hepatocellular carcinomas (HCCs) (24) and lymphomas (25) .
In DESI-MSI, a tissue sample is bombarded with microdroplets that dissolve hundreds of lipids and metabolites on its surface at a particular location (26) . The splash of microdroplets on the tissue surface forms secondary microdroplets that enter a mass spectrometer and provide characterization of the molecules on the tissue surface at that particular location. By moving the sample in two dimensions, we obtain a detailed chemical map of the tissue.
Significance
The absence of appropriate transgenic animal models of renal cell carcinomas (RCCs) has made it difficult to identify and test new therapies for this disease. We developed a new transgenic mouse model of a highly aggressive form of RCC in which tumor growth and regression is conditionally regulated by the MYC oncogene. Using desorption electrospray ionization-massspectrometric imaging, we found that certain glycerophosphoglycerols and metabolites of the glutaminolytic pathway were higher in abundance in RCC than in normal kidney tissue. Up-regulation of glutaminolytic genes and proteins was identified by genetic analysis and immunohistochemistry, therefore suggesting that RCC tumors are glutamine addicted. Pharmacological inhibition of glutaminase slowed tumor progression in vivo, which may represent a novel therapeutic route for RCC.
By using DESI-MSI, we found a previously unidentified lipid signature characteristic of MYC-induced RCC. The majority of the molecular ions were identified by tandem and high-resolution mass spectrometry as free fatty acids and complex glycerophospholipids. Interestingly, many of the glycerophospholipids found in higher relative abundance in MYC-induced RCC were ones previously observed in MYC-induced HCC and lymphomas.
Furthermore, to investigate the relationship between MYC and glutamine metabolism, we used DESI-MSI to image the distribution of specific metabolites of the glutaminolytic pathway. To confirm our results, we measured the abundance of different genes in the glutamine pathway to show that MYC-induced RCC expressed glutamine pathway genes. Furthermore, these tumors were highly addicted to glutamine. To evaluate whether these pathways have therapeutic value, we performed pharmacological inhibition of glutaminase, which converts glutamine to glutamate for its further oxidation through the TCA cycle. The inhibition of glutaminase by bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES) (27) slowed RCC tumor progression, suggesting that targeting the glutaminolytic pathway is a potential therapeutic approach to treat human RCC (24, 25) .
Results MYC, Not RAS, Initiated RCC. There are no autochthonous mouse models of RCC. Based on prior reports suggesting a role for MYC in the pathogenesis of RCC (4-6), we used the Tet system to regulate the expression of the Tet-O-MYC (7) or Tet-O-K-RAS (kindly provided by H. Varmus, NIH, Bethesda, MD). The expression of the oncogene was driven by the kidney-specific γ-glutamyl transferase gene promoter (GGT) (28) coupled to the tetracycline transactivating gene (tTA) (Fig. 1A) . Transgenic mice conditionally expressed MYC or RAS in the proximal convoluted tubule cells of the kidney when doxycycline (Dox) was removed from the drinking water; the conditional expression was confirmed by immunohistochemistry (IHC) for MYC or Western blot analysis for mutant K-RAS ( Fig. 1B and Fig. S1A , respectively). Induction of MYC, but not K-RAS, expression increased kidney size (Fig. 1C) , which was associated histologically with rapidly progressing RCC (Fig. 1D) . Hence, MYC, but not K-RAS, can initiate renal cell tumorigenesis. (30) . Evaluation by two pathologists concurred that the profile of kidney tumor markers was consistent with RCC originating from the collecting duct, a rare subtype of lethal RCC (31) . Despite the rarity of this type of renal cancer, this transgenic mouse provides a unique means to study a highly aggressive form RCC in vivo and is a tool to discover new therapeutic options.
MYC-Induced RCC Was Reversible. The MYC-driven tumors were reversible upon oncogene suppression with Dox treatment (Fig.  1E ). The reversal was confirmed by looking for changes in proliferation, apoptosis, senescence, and angiogenesis (7-9, 12-14). The MYC inactivation was associated with complete regression of RCC that could be quantitatively demonstrated by serial weekly MRI imaging as well as by histological examination of hematoxylin and eosin (H&E)-stained tissue sections ( Fig. 1E and Fig. S3 A and B). MYC protein expression was completely suppressed by 2 d after Dox treatment (Fig. S3C , row 1), associated with an eightfold decrease in proliferation as measured by antigen Ki-67 staining ( Fig.  S3C ; 54% versus 6.5%, P < 0.0001). Notably, apoptosis did not change significantly as measured by cleaved caspase 3 (CC3) (Fig.  S3C , row 3; 63% at 2 d and 38% at 10 d of MYC inactivation). Cellular senescence exhibited a small decrease at 2 and 5 d, with a much more significant increase 10 d after MYC inactivation (0.7%, 2.3%; P < 0.0001), as measured by acidic β-galactosidase staining (SA-β-Gal). However, angiogenesis did not change as measured by CD31 staining (Fig. S4) . Thus, it appeared that the RCC tumors regressed because of a marked and rapid inhibition of proliferation accompanied by the persistence of apoptosis (32) .
MYC-Induced RCC Exhibited a Distinct Lipid Signature. To investigate the lipid changes in MYC-induced RCC, DESI-MSI analysis was performed in kidney tissue 2 and 4 wk after MYC activation (MYC ON), and then followed by 4 wk of MYC inactivation (MYC OFF). Our analysis was performed in the negative-ion mode in the m/z 200-1,000 range, in which a broad variety of free fatty acids and complex glycerophospholipids of different classes were detected (26) . To identify these species, we used tandem mass spectrometry analysis and high-mass accuracy measurements. The fragmentation patterns obtained were compared with what is reported in the literature as characteristic for the different lipid classes (33) and were used in combination with highmass accuracy measurements for lipid identification. Samples of RCC and normal kidney were imaged using DESI-MSI coupled to a high-mass resolution/mass accuracy mass spectrometer. A solvent mixture of dimethylformamide:acetonitrile (DMF:ACN) (1:1) was used to allow histological evaluation to be performed on the same tissue section and provide unambiguous correlation between molecular signatures and tissue disease state (34) .
Select 2D ion images were obtained from a tissue sample of control (normal) kidney, 2-wk MYC-ON induced RCC, 4-wk MYC-ON induced RCC, and 4-wk MYC-OFF induced RCC (Fig. 2) . Each tissue section was a full cross-section of the kidney of each animal. After DESI-MSI, the tissue sections were subjected to H&E staining; an optical image of the stained sections is shown in Fig. 2 . Note that, by using DMF:ACN as the solvent system, the tissue morphology was preserved in the stained tissue sections after the DESI-MSI process (34) . The control kidney exhibited histologically a normal architecture with its two major structures, the outer renal cortex and the inner renal medulla. In the 2-wk MYC-ON kidney, RCC was observed with a high accumulation of neoplastic cells in the central region of the organ. In the 4-wk MYC-ON tissue, the total volume of the kidney was significantly increased, with the destruction of most of the normal architecture of the kidney by neoplastic cells compared with the 2-wk MYC-ON tissue. Many of the ions detected by DESI-MSI were localized within the morphological structures of the kidney. For example, m/z 878.601, which was identified as the lipid (3′-sulfo)Galβ-Ceramide(d18:0/22:0(2OH)) was exclusively observed at the renal medulla by DESI-MSI, whereas m/z 327.231, identified as docosahexaenoic acid, FA(22:6), was observed with high relative intensity at the renal cortex. Lipids were identified with an absolute mass error of less than 8 ppm. Note that isomerism of the double bonds in the fatty acid (FA) chains of the glycerophospholipids complicates precise structural assignment, which is why FA chains are only tentatively assigned.
The relative abundances of specific lipids were observed to exhibit striking differences in the spectra of MYC-induced RCC and normal kidney tissues (Fig. S5) , respectively, were observed at similar relative abundances in both RCC and control tissues. Interestingly, the 4-wk MYC-OFF tissue presented a lipid profile similar to the control tissue for the majority of the areas analyzed within the kidney. Nevertheless, DESI-MS ion images revealed small focal areas with high relative abundance of PGs in the 4-wk MYC-OFF induced RCC compared with the control kidney tissue. These focal areas could be related to remaining neoplastic cells.
MYC-Induced RCC Activated Glutamine Metabolism. To further understand how MYC maintained tumorigenesis in RCC, gene expression analysis was performed at 1, 2, and 4 wk after MYC activation. Quantile normalization and log 2 transformation was performed across all samples using >twofold change in gene expression with a cutoff value of P = 0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG) is a collection of databases dealing with genomes, biological pathways, diseases, drugs, and chemical substances. KEGG pathway analysis demonstrated changes in the metabolic pathways including up-regulation of alanine, aspartate, and glutamate metabolism, and more complex effects on glycolysis, glycogenesis, and O-glycan biosynthesis. The time-dependent upregulation of genes encoding nutrient transporters and enzymes of the glutaminolysis pathway was observed (Fig. S6A) . Although glycolysis was generally decreased, certain glycolytic genes were increased (Fig. S6B) . MYC regulates glutaminase expression through direct promoter activation or posttranscriptionally through miR-23a/b (17), which was decreased upon MYC activation ( Fig. S7 A and B) . IHC analysis confirmed the up-regulation of protein expression of the glutaminolytic pathway (Fig.  3A, panels 1 and 2) as well as the down-regulation of the glycolytic pathway (Fig. 3A, panels 3 and 4) .
Then, DESI-MSI was used to examine the changes in relative abundances of specific metabolites in RCC and control kidney in situ (32, 35) . Metabolites of the glutaminolytic pathway, including glutamate and α-ketoglutarate, were identified, as well as an increase in relative abundances of ions corresponding to citrate, pyruvate, malate, and succinate in RCC compared with control samples. This finding suggests the activation of the Krebs cycle (Fig. S6C) . DESI-MSI provided a spatial resolution of 200 μm and allowed colocalization of the metabolites with tumor areas within the tissue sections to this precision (Fig. 3B ). In combination with gene expression results, these results indicate that MYC initiation of RCC was associated with the activation of glutaminolysis.
Inhibition of Glutaminase by BPTES Slowed RCC Tumor Progression.
We evaluated the dependency of MYC-induced RCC on glutamine and glucose. First, we derived a cell line (E28) from our transgenic mouse model that continued to conditionally express MYC, as shown by Western blot analysis (Fig. S8A) . E28 could only proliferate and survive in media supplemented with glutamine (Fig. S9A) but not glucose (Fig. S9B) . Second, we found that genes required for glutamine transport (Fig. S9C ) and the glutaminolytic pathway markedly decreased after MYC inactivation (Fig. S9D) .
Next, we evaluated the activity of an allosteric inhibitor of kidney type glutaminase, BPTES (Fig. S10A) (27) . First, BPTES was found to have in vitro effects on the growth of MYC-induced RCC (Fig. S9E) . Second, BPTES was examined for antitumor activity in vivo in our transgenic mouse model. BPTES treatment was initiated at 2 wk after MYC activation. Mice were visualized by magnetic resonance imaging at 7 and 14 d following treatment (Fig. S10B) . BPTES-treated tumors grew less in comparison with control tumors, which were treated with DMSO (11% versus 34%; P = 0.003) at 7 d and (49% versus 70%; P = 0.003) at 14 d of treatment (Fig. 4 A and B) . Similarly, after 14 d of BPTES treatment, the kidneys weighed 32% (P = 0.0003) less than the DMSO-treated kidneys (Fig. 4C) . The small molecule 3-dihydroxy-6-methyl-7-(phenylmethyl)-4-propylnaphthalene-1-carboxylic acid (FX-11) is known to inhibit LDHA, which is a key part of the glycolytic pathway (36) . In separate experiments, we found that FX-11 had no apparent influence on tumor growth or kidney weight even when given at doses that can affect P493 xenografts, which are models for a lymphoma conditionally driven by MYC (37).
Histological examination revealed that the BPTES treatment was associated with a reduction in the neoplastic cells, whereas DMSO and FX-11 had no effect on reducing neoplastic cells (Fig. S10C) . Furthermore, we observed a 50% decrease in kidney cell proliferation of BPTES-treated mice compared with DMSOtreated mice by Ki-67 immunofluorescence staining (Fig. S11 A,  row 1, and B) . There was no change in apoptosis as measured by CC3 staining upon MYC inactivation (Fig. S11A, row 2 ) or in BPTES-treated mice (Fig. S11C) . These results indicate that inhibition of glutaminolysis impedes MYC-induced RCC. Hence, in this transgenic model, MYC appears to be generally programming glutamine metabolism and relying less on glucose metabolism (38, 39) .
MYC and Glutaminase Are Overexpressed in Human RCC. Finally, we asked whether MYC and glutaminase protein expression are associated in human tumors from Stanford Tissue Bank and the Stanford's Department of Pathology. By IHC, MYC is expressed in all samples; however, the collecting-duct carcinomas had a significantly higher expression level (Fig. 5) . We observed that glutaminase is expressed in all collecting-duct carcinoma samples but only expressed in 60% of clear-cell carcinoma (ccRCC GLS+) tumor tissue tested. Our data are therefore suggestive that a subset of human clear-cell carcinoma may use glutaminolysis as the preferential pathway for energy supply.
Discussion
We generated a conditional transgenic mouse model of human MYC-driven RCC (5, 6), thus providing an in vivo demonstration that MYC can induce and its sustained expression is required to maintain RCC. Our results are consistent with prior observations that the MYC pathway is active, the gene is often amplified and overexpressed, and genomic alteration is associated with a hereditary RCC (4-6). These MYC-induced tumors exhibit the phenotypic features of a highly aggressive subtype of tumors, renal cell collecting-duct carcinoma (40) . MYC inactivation reversed their neoplastic features associated with arrest, apoptosis, and senescence. RCC has been associated with mutations in many gene products, such as tumor suppressor genes, the Von Hippel-Lindau (VHL) gene and oncogenes such as the tyrosine kinase receptor (MET) (3, (41) (42) (43) (44) (45) (46) (47) (48) and mutation of PI3K (5) . Notably, PI3K appears to maintain neoplasia via MYC (49) . MYC also has been shown to be genetically activated in subset of RCC, and its overexpression is more common in RCC, but its causal role has not been examined experimentally (40, (50) (51) (52) (53) (54) . We establish here that MYC can cause RCC in a conditional transgenic mouse model and its inactivation can induce sustained tumor regression. In contrast, activated K-RAS, another oncogene, is neither found in human RCC nor is it sufficient to induce RCC in the mouse, illustrating the tissue-specific effects of activated oncogenes.
We generated an autochthonous transgenic mouse model of RCC, which should be generally useful for developing new therapeutics. Using DESI-MSI, we identified complex lipids that were present in higher relative abundance in MYC-ON RCC tissue compared with control kidney and MYC-OFF tissues. The majority of the lipid species was identified as PGs. Interestingly, the changes in lipid profiles detected by DESI-MSI were previously reported in human RCC. In particular, higher relative abundance of PG(18:1/18:1) was observed in human RCC compared with adjacent normal kidney tissue (55) . PGs are present at low levels (1-2%) in most nonneoplastic animal tissue and can serve as the precursor of cardiolipins, which are complex lipids found almost exclusively in mitochondrial membranes (56) . This increase in PGs observed in RCC and other MYC-induced carcinomas is consistent with MYC's induction of mitochondrial biogenesis (57) , as related to the Warburg cancer theory (58) . Importantly, MYC may increase lipids through MondoA (MLXIP) to increase SREBP-1, thereby inducing key lipogenic genes: FASN and SCD (59) . This in turn would increase fatty acids (60), required for the synthesis of more complex phospholipids. We previously observed high abundances of PGs in MYC-induced HCC and lymphomas. Hence, our results here further indicate a relationship between MYC expression and PG metabolism.
Furthermore, we used DESI-MSI to assess the changes in the abundances of specific glutaminolytic metabolites in situ. Gene expression analysis of our transgenic mouse model suggested that the glutamine pathway was up-regulated but not the glucose pathway. These results indicate that renal carcinoma cells were addicted to glutamine as an energy source.
The inhibition of glutaminase by BPTES halted the growth of MYC-induced RCC both in vitro and in vivo and caused proliferative arrest. BPTES is a selective inhibitor of glutaminase 1 (27, 61, 62) . Our results suggest that inhibition of glutaminase 1 can have an antitumorigenic effect on RCC and that MYCassociated RCC is glutamine addicted. However, glutaminase 2, which is not responsive to BPTES, was also activated by MYC in this model; the lack of a more robust inhibition of tumorigenesis in vivo could have resulted from glutaminase 2 providing an escape mechanism. We found that inhibition of glucose metabolism had almost no effect on tumor growth. We suggest that inhibition of glutamine metabolism may be a previously unidentified therapeutic approach for the treatment of RCC associated with MYC overexpression.
Materials and Methods
All animal experiments were performed under the guidelines established by the Administrative Panel on Laboratory Animal Care at Stanford University. Primary renal tumors of GGT-tTa × tet-O-MYC/p53 +/− double-transgenic mice were serially passaged three times s.c. through SCID mice. Flow cytometry data were analyzed using FlowJo software (Tree Star). RNA analysis via quantitative realtime PCR was quantified by fluorescence using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems). H&E and immunohistochemical staining was performed using standard procedures. Pictures were then quantified using MetaMorph. Mice were sequentially imaged using a 7 Tesla MRI system at Stanford Small Animal Imaging Center. mRNA expression profiling was performed by the Stanford Functional Genomics Facility using Illumina Mouse WG6 mouse bead arrays. A lab-built DESI-MSI source coupled to an LTQOrbitrap XL mass spectrometer (Thermo Scientific) was used for tissue imaging. DESI-MSI was performed in the negative ion mode from m/z 90-1200, using the Orbitrap as the mass analyzer at a resolving power of 60,000. 
